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We typically employ theory, simulation, experimental beam physics studies.
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Analogue experiment

* Analogue experiments offer another tool to study
accelerator physics.

Fig. 1: The PS analogue model
[M. Barbier, 1956]
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Paul traps

* Paul trap: Non-neutral plasma trap in which an RF field confines the plasma radially via
strong focusing. DC voltages confines the plasma longitudinally.

* Unlike a quadrupole channel, the plasma is trapped in-situ with the confining waveform
applied in time. This is analogous to the co-moving frame in the beam case.

* ‘ ' . ‘

Linear Paul Trap (1989). Strong focusing.

Paul trap, Wolfgang Paul (1953).
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Paul trap applications

Mass spectroscopy, quantum computing research ...

Quadrupole Linear lon Trap Mass Analyzer
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Comparison of transverse dynamics (1)

Accelerator case.

2 | .2
Pz +D 1 1 0B
H=—"—"+"k 2 _ g2 sc  Where ko = Yy
Paul trap case. lattice space charge
ps + pz 1. p 2 .2 q where kP (r) — 2q V(1)

where in both cases the space charge potential ¢.. is found by solving the Poisson equation.

FFAG'17, Cornell University, Ithaca, NY



Beam physics studies in LPTs

Advantages include

* Flexibility: The lattice structure, working point and plasma density can be
selected within a wide range.

 Compactness: Traps are typically “10cm long and, together with ancillary
equipment, require just a few m? of laboratory space.

* Cost: Construction and running costs are orders of magnitude lower than carrying
out experiments on typical accelerators.

* Availability: Typically, time allocated for beam physics experiments on
accelerators is limited. No such limit applies to plasma traps.



Devices to date
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Linear Paul trap basics.

RF and DC potential terms. ay
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FIG. 1. Linear Paul trap (a) side view and (b) axial view. A string of trapped q"»B — _qy - m 7,.2 Qz

ions is shown schematically in (a). For clarity, the endcaps are not shown in

. . . 0
(b). The trap electrodes are labeled 1, 2, 3, and 4. The trap axis defines the Secu Ia r/m Icromotlon (betatro n/e nvelope) .

z-axis, and the origin of the z axis is centered between the two endcaps.

W u;(t) = upcos wot (1 + Leos Qt)
0 2 For example assume Ar+, 1IMHz RF, 5mm

V= —
() T woz%/aﬁ% radius.v=0.25if Vg =+/-72 V.
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Lattice flexibility

Many lattice configurations can be realised . One constraint is the bandwidth of the RF amplifier.
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Space charge

e Assuming a stationary plasma the tune depression is given by

12 1
1 —
Vo 1+ (2/Nry) (kBT /mc?)

* In SPOD/IBEX temperatures typically around 0.1-0.5eV and up up to 107 ions can be stored (v/v,~
0.85-0.9). This is more than enough to simulate typical high intensity rings.

* Note: In the zero temperature limit, accessible by Doppler laser cooling, v—>0. In this limit the
plasma frequency equals the bare secular frequency (betatron tune).
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IBEX experimental setup

Circutand end
cap voltage
Vi

psu

There is no
protection devices on
the switch, over
current protection is

provided by power

singlé variable psu,
Max voltage 32V, set
current limit to < 50mA?

cable

| do not like the BNC2121, it may
be quick and convenient, which is
necessary to start with, but it does
not really provide the best signals. |
would prefer to make up a cable to
drive directly from pci card.

end caps and central rods are capacitive
+ incpandeflares loads, unterminated
Capacitance = 6pF measured, but expect
trigger more when the lid is on and when rods
~ i 2bnc 2bnc and caps are wired together.
I could not find
zﬁ:;e;frgu Bnc ground is not feedthrough
. to chamber ground.
NI-6612 PCI (to be used in pc) 1x TTL ) +1-75Vag 4/ 75Vdc  +/- 150V4c - 75Vde
Master timing controller trigger 2x WMAS00 high
10MHz, 2047 samples, 100nS min timing resolution.
1MHz clock expected ?

BNC cable to 4x IBEX electronics Basic system for day 1

| | endcapB 1v06 29 aug 2016
Vp!

q BNC cable to 4x

| end A
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(RED)
To 2x central rod

voltage amplifier

Vch2(ac+dc)
Arbitrary function generator ( )
AFG produces 2 identical waveforms
180 degrees phase shifted
AFG requires +/- 3v into 50 ohm to get +/- 150V out of VMA300.
only channel 2 can do full voltage range
ch1is 3Vpp 500hm 60mA, ch2 is 10Vpp 500hm 100mA.
There is also an independent dc offset +/- 1.5V into 50 ohm.
TTL trigger input 100nS min pulse width.

(BLUE)

50xVch2(ac+dc)

High speed high voltage amplifier WMA-300
- High voltage 50x amplifier up to +150V and 150V
- DC to 5MHz large signal bandwidth and 300mA current

If timing of 1sec duration is
needed, pci will not do this at
e 10MHz maximum length.
Outputs will have to be

controlled by software.

Stage 1 hardware setup (Schematic: A. Baird)
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Integer crossing in non-scaling FFAGs.
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* Introduce integer resonance by adding perturbation waveform. Ramp tune through resonance by varying voltage.
 Measure number of surviving ions. Compare with theory and numerical simulation.
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Scaling FFAG studies.

* Aim: study lattice nonlinearities with space charge.

e Construct a Paul trap in which the quadrupole term is still dominant.
Nonlinear terms, at least up to octopole are added — either by adding extra
rods or by shaping the pole face of the quadrupole rods.

* Such a trap would allow us to study lattices with strong nonlinearities
together with a substantial space charge tune shift.



Introducing nonlinear components
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[Okamoto, 2002] [Sarma, 1999] [Okamoto, 2002] [Asvany, 2009]
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Multipole trap

Maintain radius of main rods to inscribed radius radio p,/r0=1.15to
ensure good quadrupole focusing.

Add “subrods” to control sextupole and octupole components.

For any rod geometry, solve the Laplacian numerically to calculate the
coefficients a_, ¢, in the multipole expansion

r

F(r,0) = ni::l an (—)n cos(nd + ¢n)

To
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Hamiltonian: multipole case

Hamiltonian including normal quadrupole, sextupole and octupole terms (ignoring skew terms).

2 2
z T 1 1 1
H = Pz T By + —ko (xz - yz) + —ks3 (x?’ — 3$y2) + —k4(£v4 — 6:B2y2 + y4)

2 2 § 24
where
1 1B P nlanqVn (T)
— Paultrapcase Kk, (T) =
Accelerator case  ky, Bp 6271 P n (7) me2rn
Scaling FFAG Ben, (X) — k- K
caling case = Do % L (n _ 1)!p,rn—1(,€ —n+ 1)!
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Linear optics translation

1. Convert scaling FFAG to a straight quadrupole channel.
* Including the quadrupole component from the scaling field may not be
sufficient. Also need to take into account the effect of edge focusing.
2. Convert quadrupole channel to LPT.

* In order to preserve tune, scale quadrupole strength k, with 1/L*2 and
convert to RF voltage. Note, transfer matrix for thin lens drift-quad-drift

L L
1 L/2y (1 0y (1 0\_(1-kl2/2 =+=(1—k,L2/2
(0 1)'(—k2L 1)'(0 L/Z)_< _kzzL/ 2+12(_k2L22/2/)>



Test case - KURRI 150 MeV scaling FFAG

Machine parameters

Reference radius 5.4

Focusing structure DFD

Cell number 12

Injection energy 11 MeV
Extraction energy 100-150 MeV
Field index, k 7.6

Design tunes (Qx,Qy) (3.8, 1.4)

* Construct quadrupole triplet with lengths given by arc length of FFAG magnets
» Strength of quadrupole given by k/pr, qf, qd = (1.3, -0.9). Vertical tune unstable!
* Instead use MADX optimisation to find gf, qd = (1.9, -2.3) results in desired tunes.
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beta function [m]

Step 1: Scaling FFAG to quadrupole channel
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Zgoubi result, Qx, Qy = (0.314, 0.117).
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Step 2: Quadrupole channel to LPT

MAD-X 5.02.13 09/08/17 12.26.21
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RF waveform.

Tunes Qx, Qy =(0.314, 0.117).

Equivalent trap optics where 1 “cel
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horizonal cell tune

Example FFAG scenario

cell tune close to 1/4

Assume a ring with KURRI 150MeV geometry but adjust field index and F/D ratio to get desired tunes.
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Example FFAG scenario
cell tune close to 1/3
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Amplitude detuning in an asymmetric trap.

b

2 _ .2 4_622 4
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* One approach is to ensure the same tune variation from the beam centroid to the rms radius.
* However, detuning with amplitude (action) will be differ in Paul trap (B is much higher).
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K. Fukushima and H. Okamoto multipole trap design
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A multipole trap has been constructed and is now being commissioned.

K. Fukushima and H. Okamoto, ”"Design study of a multipole ion trap for beam physics applications”, Plasma and Fusion Res. 10 (2015) 1401081.
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Conclusions/Future work

* Experiments relevant to a scaling FFAG could be carried out in a multipole
Paul trap with controllable sextupole and octupole.

* Further investigations required into traps with even higher order multipoles.

e 2D and 3D tracking of plasma in trap, including space charge, using a PIC
code (e.g. Warp) is desirable.
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Rod radius optimisation.

c6/c2 2D
c10/c2 2D °
c6/c2 3D

c10/c2 3D

> @ »>» o
> @ » o

10

-6 1 1 1 L L L L
0.6 0.7 0.8 0.9 1.0 11 12 13 14

P/ To

* Using cylindrical rods rather than ideal hyperbolae introduce a dodecapole component.
* This is minimised by choosing p/r0 = 1.15.
* Results obtained using Mathematica (2D) and CST Studio (3D).
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Square wave case.

* The equation of motion in the square waveform case is given by the
Meissner equation which has an exact solution.

1
Paul trap case U = Q—arccos [cos(w q;/2)cosh(m qi/Z)} [T. Brunner et al, 2012]
Tr
FODO case (zero drift 1
length) ( v = 5 arccos [COS(‘\/ kaL)cosh(my/ kzL)] Quadrupole length L, norm. gradient k,.



Similarity of field profile

* In order to calculate multipole components, use Taylor expansion of the scaling field about the

reference radius.
i, r—r, _|_h:(m—1) r—7r, 2_|_ K! r—r, n—1
K
To 2 To (n—Dli(k—n+1)! To

* In order to ensure a similar profile in the Paul trap, ensure that the ratio of the differential gradient for
each multipole (n>2) and the quadrupole gradient is the same in both cases.

B = B, (LY_’ B(r) = B,

ro

* In the scaling FFAG case the relative differential gradient is given by

1 g B (k-1 1
B’ drm=1  (k—n+ 1) 2

- " n—1 n
F(r,0) =) an (1) cos(nd + o) — L ATEW _ (n+1)lan
El d’l“n_l 2,’,,77/—1 ao



